Introduction
============

Multiple sclerosis (MS) is the most common chronic inflammatory demyelinating disease of the central nervous system (CNS) associated to uncontrolled/excessive neuro-inflammation and autoimmunity.^[@b1-1052056],[@b2-1052056]^ The underlying immunopathogenesis of the disease has been extensively studied and is currently thought to involve an initial alteration of peripheral and brain immune responses, as well as a disruption of the blood-brain barrier (BBB). Subsequently, this leads to a substantial infiltration of autoreactive lymphocytes and innate immune cells causing demyelination, axonal loss, and ultimately neurodegeneration.^[@b3-1052056]--[@b6-1052056]^ Nevertheless, there is still an unmet need for new diagnostic and therapeutic options, especially for the progressive forms of MS for which almost no drugs are available (with the exception of the off-label rituximab and the recently approved ocrelizumab for the management of primary progressive MS). Recent studies suggest that chronic inflammation and autoimmunity could be a consequence of failure to resolve inflammation, and this resolution of inflammation is mediated by newly discovered metabolites termed specialized pro-resolving lipid mediators (SPM),^[@b7-1052056]^ temporally and spatially synthesized from ω-3 polyunsaturated fatty acids \[eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)\].^[@b7-1052056],[@b8-1052056]^ During the process of resolution of inflammation, the very same cells recruited to the inflammatory milieu and that produce inflammatory mediators (mainly innate immune cells) undergo a temporal lipid mediator (LM) class switch, whereby they stop producing classical eicosanoids (prostaglandins, leukotrienes, thromboxanes) from ω-6 arachidonic acid and start to biosynthesize SPM mainly from ω-3 EPA and DHA,^[@b7-1052056],[@b8-1052056]^ through the stereoselective and concerted action of the same enzymes engaged in classical eicosanoids production, namely cyclo-oxygenase (COX) COX-2, lipoxygenases (LOX) LOX-5, LOX-12 and LOX-15, as well as cytochrome P450 and several pathway specific epoxide hydrolases.^[@b7-1052056]^ These LM are potent and extinguish the eicosanoid-induced inflammation by activating local resolution programs,^[@b7-1052056]--[@b9-1052056]^ also by directly modulating oxidative stress^[@b10-1052056]^ and T-cell responses,^[@b11-1052056]^ *via* five separate G protein-coupled receptors (e.g. ALX/FPR2, GPR32/DRV1, ChemR23/ERV, BLT1 and GPR18/DRV2),^[@b9-1052056]^ without evoking unwanted side effects as opposed to the immunosuppressive agents that are currently most used as disease-modifying treatments. Despite the increase in data suggesting that SPM metabolism and functions are differentially altered in several chronic peripheral and brain inflammatory diseases,^[@b7-1052056],[@b10-1052056],[@b12-1052056],[@b13-1052056]^ research on these LM in MS and how they contribute to disease is of high interest. Given this, we aimed to determine whether MS patients at different phases of disease, compared to healthy subjects, displayed different levels and abilities to endogenously synthesize and respond to ω-6- and ω-3-derived pro-inflammatory (eicosanoids) and pro-resolving LM (lipoxins, resolvins, protectins and maresins) by means of targeted lipid metabololipidomics in human plasma and by evaluating the expression of their enzymes and key target receptors in peripheral blood mononuclear cells (PBMC). Finally, we investigated whether specific SPM could modulate the inflammatory response of MS patient-derived monocytes and whether they could attenuate inflammation-induced BBB dysfunction as well as monocyte-transendothelial migration, which all represent key pathological hallmarks of MS pathogenesis.^[@b14-1052056]^

Methods
=======

Multiple sclerosis patients
---------------------------

Peripheral blood was collected from two different cohorts. The first cohort was admitted to the neurological clinic of the University Hospital Tor Vergata, Rome, (14 females and 6 males, mean age 34.51±3.35 years) and the second cohort to the San Camillo Hospital of Rome (13 females and 5 males, mean age 38.24±2.76 years). Both cohorts were diagnosed as suffering from relapsing-remitting MS (RR-MS, n=26) or primary progressive (P-MS, n=12). Fifteen age-matched healthy subjects (HS, n=15) were used as controls. See [Table 1](#t1-1052056){ref-type="table"} and *Online Supplementary Methods* for diagnostic details. All subjects gave their written informed consent to the study which was approved by the ethics committees of Tor Vergata Hospital and of San Camillo Hospital, Rome.

###### 

Demographic data of patients with multiple sclerosis (MS) and control subjects.
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Liquid chromatography-tandem mass spectrometry-based metabololipidomics and analysis
------------------------------------------------------------------------------------

Total lipids were extracted from plasma samples with solid phase C18 cartridges. Liquid chromatography-tandem mass spectrometry (LC-MS-MS) was used to perform absolute quantifications of all LM.^[@b15-1052056],[@b16-1052056]^ Lipidomics data were analyzed by principal component analysis using SIMCA 13.0.3 software (MKS Data Analytics Solution Umea, Sweden) and by volcano plots using MetaboAnalyst (*<http://www.metaboanalyst.ca>*).

Human leukocyte and brain endothelial cell treatments
-----------------------------------------------------

Freshly isolated PBMC from HS or MS patients were left untreated or pretreated with SPM and then stimulated with Imiquimod and ssRNA40 for five hours in presence of brefeldin A.^[@b17-1052056]--[@b19-1052056]^ Human brain endothelial cell line hCMEC/D3 cells were grown and treated with TNF-α in the presence or absence of SPM.^[@b20-1052056]^

Flow cytometry
--------------

Peripheral blood mononuclear cells were assayed for surface immunophenotype (CD14, CD16, CD69) and intracellular cytokine production (TNF-α, IL-1β, IL-6 and IL-12) by multiple fluorochrome-conjugated antibody staining. hCMEC/D3 were assayed for anti-ICAM-1 (REK-1) and SPM receptors (GPR32, ALX/FPR2 and GPR18) through primary specific antibodies followed by fluorochrome-conjugated secondary antibodies.^[@b11-1052056],[@b17-1052056]^

Real-time quantitative polymerase chain reaction
------------------------------------------------

Total RNA was extracted from PBMC and hCMEC/D3, and retro-transcribed to cDNA. Specific probes for SPM receptors and SPM biosynthetic enzymes were used to assess relative mRNA abundance for each gene in respect with beta actin or GAPDH expression.

Electric cell-substrate impedance sensing
-----------------------------------------

hCMEC/D3 cells were seeded on collagen-coated 96W10idf electric cell-substrate impedance sensing (ECIS) arrays (Ibidi). Trans-endothelial electrical resistance (TEER) of hCMEC/D3 cells was measured at multiple frequencies,^[@b21-1052056]^ and TNF-α was added as maximum barrier resistance was reached, in the presence or absence of different SPM. Subsequently, TEER was measured over time and finally analyzed.^[@b22-1052056]^

ELISA
-----

hCMEC/D3 culture supernatants harvested 24 hours after TNF-α treatment in the presence or absence of SPM were measured for the levels of CCL2/MCP-1 by its commercial ELISA Kit (Invitrogen, the Netherlands) according to the manufacturer's instructions.

Transwell migration of monocytes
--------------------------------

*In vitro* monocyte transendothelial cell migration assay was performed using a collagen 1-coated Transwell system. Briefly, hCMEC/D3 cells were cultured alone or with TNF-α upon which resting or SPM-treated purified human monocytes were added to the transwell filters.^[@b23-1052056],[@b24-1052056]^ Transmigrated cells were determined through flow cytometry.

Statistical analysis
--------------------

All data were expressed as means±standard error of mean (SEM). Differences between groups were compared using Student *t*-test (two groups) or one-way ANOVA (multiple groups) followed by a *post hoc* Bonferroni test. *P*\<0.05 was considered statistically significant.

Results
=======

Multiple sclerosis patients show altered lipid mediators profiles in the blood
------------------------------------------------------------------------------

To address potential differences in LM profiles between MS patients and healthy donors, involving both pro-inflammatory and specialized pro-resolving lipid mediators (SPM), we performed targeted LM metabololipidomics on human plasma samples using liquid chromatography tandem mass spectrometry (LC-MS-MS) in two different cohorts of MS patients, analyzing 42 distinct LM from the endogenous substrates AA, DHA and EPA based on published criteria for each LM (i.e. matching chromatographic retention times (RT), fragmentation patterns, and six characteristic and diagnostic ions).^[@b15-1052056],[@b16-1052056]^ This analysis revealed a pronounced biosynthesis of 27 of these LM in the blood of healthy donors and MS patients ([Table 2](#t2-1052056){ref-type="table"}), and the identification of key LM, including leukotriene B~4~ (LTB~4~), resolvin (Rv) D1, RvD5 and protectin D1 ([Figure 1](#f1-1052056){ref-type="fig"}). Quantitation of LM was performed using signature ion pairs *via* multiple reaction monitoring (MRM) and revealed marked differences in several LM of each metabolome between MS patients and healthy subjects ([Figure 2](#f2-1052056){ref-type="fig"}). In particular, total MS patients showed significantly higher blood levels of many AA-derived pro-inflammatory LM, such as prostaglandins (PG) PGE~2~, PGD~2~ ([Figure 2A](#f2-1052056){ref-type="fig"}) and hydroxyeicosatetraenoic acids (HETE) 12-HETE and 15-HETE (*Online Supplementary Figure S1A*), as well as increases, although not significant, in leukotriene B~4~ and in AA-derived pro-resolving mediators lipoxins (LX)A~4~ and LXB~4~ ([Figure 2A](#f2-1052056){ref-type="fig"}). Furthermore, as for LM derived from the DHA metabolome, we observed that MS patients displayed significantly higher levels of pathway markers 17-HDHA and 14-HDHA (*Online Supplementary Figure S1B*); however, among the ten possible DHA-derived SPM (D-series resolvins, protectins and maresins), only four were detected, e.g. RvD1, RvD5, PD1 and PDX, and these were all generally increased in MS patients, with PD1 and PDX being significant ([Figure 2B](#f2-1052056){ref-type="fig"}). Of note, other DHA-derived SPM, such as RvD2, RvD3, RvD4 RvD6, AT-RvD1, AT-RvD3 and maresin (MaR) 1 were undetectable ([Table 2](#t2-1052056){ref-type="table"}). Among the EPA-derived lipid mediators, only 12-HEPE was significantly higher and 18-HEPE was slightly lower in MS patients; levels of E-series resolvins (RvE 1-3) were not identified in these patient samples ([Table 2](#t2-1052056){ref-type="table"} and [Figure 2C](#f2-1052056){ref-type="fig"}). Of interest, the total levels of AA and DHA were almost unchanged between MS patients and healthy subjects, while those of EPA were significantly reduced (*Online Supplementary Figure S1*). We next observed that all the LM that were increased in MS significantly correlated with disease severity, evaluated as Expanded Disability Status Scale (EDSS) scores, except for LTB~4~ and EPA-derived 12-HEPE and 5-HEPE ([Figure 3](#f3-1052056){ref-type="fig"}). In contrast, RvD1 and PD1 showed a negative correlation, inasmuch as their levels progressively decreased with clinical score ([Figure 3B](#f3-1052056){ref-type="fig"}). Interestingly, we did not observe any correlation with the age and gender of patients, whereby levels of SPM were fairly constant in both males and females (*data not shown*).

###### 

Human plasma lipid mediator (LM) (pg/mL).
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![Identification of lipid mediators. Lipid mediators were isolated from plasma of healthy subjects (n=15) and multiple sclerosis (MS) patients (n=38) and analyzed by liquid chromatography tandem mass spectrometry. Representative MRM illustration of arachidonic acid (AA)-derived prostaglandins, leukotrienes and lipoxins, docosahexaenoic acid (DHA)-derived resolvins and protectins, and eicosapentaenoic acid (EPA)-derived resolvins, and representative tandem mass spectrometry of AA-derived PGE~2~ and LXA~4~, DHA-derived RvD1, RvD5 and PD1.](1052056.fig1){#f1-1052056}

![Multiple sclerosis (MS) patients show altered lipid mediators profiles in blood. Lipid mediators (LM) were isolated from plasma of healthy subjects (HS, n=15) and MS patients (n=38) and analyzed by liquid chromatography tandem mass spectrometry. (A) Schematic representation of the arachidonic acid (AA)-derived respective LM biosynthetic pathways and their selected values between HS and MS. (B) Schematic representation of the docosahexaenoic acid (DHA)-derived respective LM biosynthetic pathways and their selected values between HS and MS. (C) Schematic representation of the eicosapentaenoic acid (EPA)-derived respective LM biosynthetic pathways and their selected values between HS and MS. Data are presented as means pg/mL±standard error of mean. \**P*\<0.05 or \*\**P*\<0.01 compared to HS, determined by Student *t*-test.](1052056.fig2){#f2-1052056}

![Correlations between Expanded Disability Status Scale (EDSS) scores of patients and lipid mediators. Correlation plots between EDSS values and levels (pg/mL) of specific lipid mediators of the AA metabolome (A), DHA metabolome (B) and EPA metabolome (C) in the entire cohort of patients with multiple sclerosis. Data were compared by Spearman's rank correlation coefficient (*P*\<0.05).](1052056.fig3){#f3-1052056}

Specialized pro-resolving lipid mediators, their biosynthetic enzymes and receptors are differentially expressed in multiple sclerosis patients according to disease phase
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since MS is characterized by different and independent forms of the disease,^[@b1-1052056]--[@b3-1052056]^ we next stratified the metabololipidomics analysis according to disease clinical subtype. Using unbiased PCA ([Figure 4A](#f4-1052056){ref-type="fig"}), we observed that each form of disease and healthy subjects were associated with distinct LM profiles. Indeed, relapse patients were associated with a cluster characterized by few LM, including PD1 and TXB~2~ and remitting patients with a cluster that included several HEPE and HETE, as well as LTB~4~ and RvD1, while progressive patients gave a cluster that included the most abundant and diversified LM, from pro-inflammatory PGE~2~ and PGD~2~ to anti-inflammatory LXA~4~ and LXB~4~. In particular, ANOVA analysis showed that many AA-derived pro-inflammatory and pro-resolving mediators, including PGD~2~, PGE~2~, LXA~4~, LXB~4~ ([Figure 4B](#f4-1052056){ref-type="fig"}) as well as TXB~2~ (*Online Supplementary Figure S2A*) fol lowed a similar trend, being generally increased in both relapsing MS and progressive MS patients compared to healthy subjects (with PGD~2~ and PGE~2~ being also significant for relapsing MS and LXA~4~ and LXB~4~ for progressive MS), while showing reduced levels in remitting MS patients compared to clinically active forms. For all of these LM, progressive patients consistently displayed higher levels compared to relapsing patients ([Figure 4B and C](#f4-1052056){ref-type="fig"}). Of note, levels of their precursor AA moved in the opposite direction (*Online Supplementary Figure S2A*), suggesting an active metabolic conversion into such LM associated to disease phase. Other key metabolites of AA, including HETE, PGF~2a~ and LTB~4~, appeared with specific trends of expression, with 5-HETE being mostly found in progressive MS and 12-HETE in remitting MS, while 15-HETE and PGF~2a~ steadily increased along disease forms (*Online Supplementary Figure S2A*). Levels of aspirin-triggered (AT) lipoxins were detected only for AT-LXA~4~, which was particularly present in progressive patients ([Table 2](#t2-1052056){ref-type="table"} and [Figure 4B](#f4-1052056){ref-type="fig"}). As for the DHA metabolome, pro-resolving LM RvD5 and PDX were slightly increased in relapsing MS and significantly increased in progressive MS, with remitting MS showing similar levels compared to healthy subjects ([Figure 4C](#f4-1052056){ref-type="fig"}). Furthermore, RvD1 and PD1 were increased in relapsing MS, with the latter being also significant and showing a reduction in both remitting and progressive patients, while the former being reduced in remitting MS and undetectable in progressive MS ([Figure 4C](#f4-1052056){ref-type="fig"}). Of interest, the levels of their precursor DHA, although showing an initial, yet not significant, increase in relapsing MS, were progressively reduced along disease forms (*Online Supplementary Figure S2B*). Other pathway makers and metabolites of DHA were significantly increased, especially in remitting (14-HDHA and 17-HDHA) or progressive (17-HDHA and 4-HDHA) patients (*Online Supplementary Figure S2B*). As for EPA metabolome, levels of 15-HEPE and 18-HEPE were reduced in relapsing and progressive MS, returning back to control levels in remitting MS, showing a similar trend as their precursor EPA ([Figure 4D](#f4-1052056){ref-type="fig"} and *Online Supplementary Figure S2C*). However, 12-HEPE was particularly high in both relapsing and remitting MS ([Figure 4E](#f4-1052056){ref-type="fig"}). Specific LM fingerprints are also shown by volcano plots when comparing every two groups against each other, with SPM like RvD1 and PD1 being reduced along disease progression and others like LXB~4~ and pro-inflammatory prostaglandins being produced during the active phases of disease, especially in progressive patients (*Online Supplementary Figure S3*).

![Lipid mediators (LM) are differentially altered in multiple sclerosis (MS) patients according to clinical disease phase. LM were isolated from plasma of healthy subjects (n=15), relapsing MS (n=14), remitting MS (n=12), and progressive MS (n=12) patients and analyzed by liquid chromatography tandem mass spectrometry. (A) Principal component analysis (PCA) of the LM profile. (Top) 3D score plot. (Bottom) 3D loading plot. (B) Heat map of LM fingerprint. Pro-inflammatory LM are shown in red, anti-inflammatory/pro-resolving LM are shown in green and pathway intermediates in black (C-E) Selected values of LM of AA metabolome (C), DHA metabolome (D), and EPA metabolome (E) from healthy subjects, relapsing, remitting and progressive MS patients. Data are presented as means pg/mL±standard error of mean. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 determined by one-way ANOVA followed by Bonferroni's multiple comparison test.](1052056.fig4){#f4-1052056}

Of note, both cohorts of healthy donors and MS patients displayed an almost identical LM profile (*Online Supplementary Figure S4*), with pro-inflammatory AA-derived prostanoids being induced in relapsing and progressive patients and reduced during remission, whereas lipoxins being slightly induced during the relapsing phase and even more during the progressive phase. As for the DHA- and EPA-derived SPM, both cohorts showed an induction of RvD1 and PD1 during the relapsing phase, which were both reduced or even undetected along disease progression, and showed a significant induction of RvD5 in progressive patients. The only SPM that was discordant was PDX, being significantly induced during the relapsing phase in the first cohort of MS patients, whereas in the second cohort, PDX was markedly induced in progressive patients (*Online Supplementary Figure S4*).

Having observed that each clinical form of MS is characterized by differential profiles in the levels of SPM, we next sought to evaluate whether this was associated to contradistinctive capacities to produce them and/or to respond to them. Thus, we further characterized the different forms of MS by investigating the mRNA expression of the main SPM biosynthetic enzymes and their known receptors in peripheral blood leukocytes. While COX-2 and 5-LOX were particularly induced in relapsing MS to be then strongly reduced in both remitting and progressive patients, 15-LOX was consistently found in all MS forms ([Figure 5A](#f5-1052056){ref-type="fig"}). On the contrary, 12-LOX expression was antithetical, inasmuch as its levels were substantially reduced in relapsing and remitting MS and started to recover in progressive MS patients ([Figure 5A](#f5-1052056){ref-type="fig"}). As for SPM receptor expression, ALX/FPR2, DRV1 and ERV all displayed a similar pattern, with their expression levels being induced in relapsing MS, reaching their highest expression in remitting MS, and then exhibiting a reduction in progressive MS ([Figure 5B](#f5-1052056){ref-type="fig"}). In addition, while BLT1 receptor expression was induced only in the active phases of the disease, DRV2 was strongly induced in relapsing MS and markedly reduced in both remitting and progressive patients, to expression levels much lower than healthy subjects ([Figure 5B](#f5-1052056){ref-type="fig"}).

![Specialized pro-resolving mediators biosynthetic enzymes and receptors are differentially expressed in multiple sclerosis (MS) patients according to the clinical disease phase. Peripheral blood mononuclear cells (PBMC, 2×10^6^ cells) from healthy subjects (n=5), relapsing MS (n=7), remitting MS (n=5), and progressive MS (n=5) patients were quantified for their mRNA content by quantitative real-time polymerase chain reaction (qRT-PCR) of lipid mediator biosynthesizing enzymes COX-2, 5-LOX, 12-LOX and 15-LOX (A) and of SPMs receptors ALX/FPR2, GPR32/DRV1, GPR18/DRV2, ChemR23/ERV and BLT1 (B). Data are means±standard error of mean of 5-7 independent experiments. \**P*\<0.05, \*\**P*\<0.01 determined by one-way ANOVA followed by Bonferroni's multiple comparison test.](1052056.fig5){#f5-1052056}

Specific specialized pro-resolving mediators attenuate monocyte inflammatory responses in multiple sclerosis patients
---------------------------------------------------------------------------------------------------------------------

The observed differences of MS patients in producing distinct SPM profiles prompted us to examine whether peripheral blood leukocytes of MS patients were responsive to the immunomodulatory activity of disease-affected SPM. Accordingly, we tested the ability of SPM that showed an initial induction in relapsing MS patients and are subsequently diminished along disease progression (RvD1 and PD1), and SPM that showed a higher expression in relapsing MS patients and no induction in remitting MS (LXA~4~, LXB~4~), to evaluate their potential to affect the activation and cytokine production of activated monocytes obtained from RRMS patients, i.e. in the disease phase where such mediators were initially increased and then decreased. To do so, we analyzed the expression of activation markers and inflammatory cytokines in SPM-treated monocytes that were then challenged with two different viral Toll-like receptors (TLR) agonists: TLR7 and TLR8 (see *Online Supplementary Figure S5A* for gating strategy). As expected, the simultaneous stimulation of monocytes of relapsing MS patients with selective agonists of viral Toll-like receptors (TLR) 7 and TLR8 induced a strong upregulation of the activation marker CD69 on their cell surface compared to resting monocytes ([Figure 6A](#f6-1052056){ref-type="fig"}). Treatment of activated monocytes with LXA~4~, LXB~4~, RvD1 or PD1 caused a significant reduction in CD69 surface expression ([Figure 6A](#f6-1052056){ref-type="fig"}), indicating an overall ability of these SPM to attenuate the general activation of myeloid cells. More specifically, all these tested SPM were equally able to significantly reduce the intracellular production of several pro-inflammatory cytokines. Indeed, the high levels of TNF-α, IL-1β, IL-6 and IL-12 production from activated monocytes of relapsing MS patients were equivalently and significantly reduced by LXA~4~, LXB~4~, RvD1 and PD1, although RvD1 and PD1 showed a higher vigor in reducing IL-6 production ([Figure 6B](#f6-1052056){ref-type="fig"} and *Online Supplementary Figure S5B*). The immunomodulatory activity of these SPM was even more evident in activated monocytes of healthy donors (*Online Supplementary Figure S6A and B*) inasmuch as all tested SPM induced an even stronger reduction of CD69 and of all pro-inflammatory cytokines, suggesting that although their pro-resolving actions are equally functional in health and disease, cells of MS patients are probably less responsive to SPM. Of note, besides reducing pro-inflammatory cytokines production, LXA~4~, LXB~4~, RvD1 and PD1 all equally enhanced the production of the typical anti-inflammatory cytokine IL-10 produced from TLR7/8-activated monocytes ([Figure 6C](#f6-1052056){ref-type="fig"}). Interestingly, the SPM-induced effect on cytokine reduction was not observed with monocytes treated with the pro-inflammatory LM LTB~4~ (*Online Supplementary Figure S6C*).

![Specialized pro-resolving mediators reduce monocyte activation and cytokine production in multiple sclerosis (MS) patients. Peripheral blood mononuclear cells (PBMC, 2×10^6^ cells) from relapsing MS patients (n=5) were left untreated or pre-treated with LXA, LXB~4~, RvD1 or PD1 for 30 minutes. Cells were then stimulated with Imiquimod (Toll-like receptor 7 agonist) and ssRNA40 (Toll-like receptor 8 agonist) for five hours in absence or presence of Brefeldin A, stained at the cell surface and intracellularly, and analyzed by flow cytometry by gating on CD14^+^ monocytes. (A) Surface expression of CD69 positive monocytes. Data are shown as representative flow cytometry histograms and as means of fluorescence intensity (MFI)±standard error of mean of five independent experiments. \*\**P*\<0.01 compared to control cells and \^*P*\<0.05 compared to TLR7/TLR8 agonists, determined by one-way ANOVA followed by Bonferroni's multiple comparison test. (B) Cytofluorimetric plots and percentages of intracellular pro-inflammatory cytokine production (IL-6, IL-12, IL1-β and TNF-α) from CD14^+^ monocytes. Data are presented as means± standard error of mean (SEM) of five independent experiments. \*\**P*\<0.01 and \*\*\**P*\<0.001 compared to control cells, \^*P*\<0.05 and \#*P*\<0.001 compared to TLR7/TLR8 agonists, determined by one-way ANOVA followed by Bonferroni's multiple comparison test. (C) Cytofluorimetric plots and percentages of intracellular IL-10 production from CD14^+^ monocytes. Data are presented as means±SEM of four independent experiments. \*\**P*\<0.01, \^*P*\<0.05 and \#*P*\<0.001 compared to TLR7/TLR8 agonists, determined by one-way ANOVA followed by Bonferroni's multiple comparison test.](1052056.fig6){#f6-1052056}

Specific specialized pro-resolving mediators counteract blood-brain barrier dysfunction and attenuate monocyte transendothelial migration
-----------------------------------------------------------------------------------------------------------------------------------------

A key pathological feature of MS is BBB dysfunction that ultimately leads to monocyte transmigration into the CNS by crossing the inflamed and disrupted BBB. Therefore, we addressed the question as to whether the differentially expressed SPM were able to counteract inflammation-induced BBB dysfunction, by using human brain endothelial cells (BEC) as a BBB model. We first assessed if these cells responded to SPM by looking at the expression pattern of specific SPM receptors. We found that BEC mainly express ALX/FPR2 and to a lesser extent GPR18/DVR2 and GPR32/DVR1 ([Figure 7A and B](#f7-1052056){ref-type="fig"}). Interestingly, such marked ALX/FPR2 expression was even more evident when BEC were stimulated with TNF-α, inasmuch as inflamed cells underwent a significant upregulation of ALX/FPR2 mRNA, while they only showed a slight increase in GPR18/DVR2 and GPR32/DVR1 expression ([Figure 7C](#f7-1052056){ref-type="fig"}). Next, we assessed whether LXA~4~, LXB~4~, RvD1 and PD1 were capable of counteracting inflammation-induced BBB dysfunction by measuring TEER in real-time. We found that these SPM were able to rescue the TNF-α-mediated decrease in TEER in a time-dependent manner, at both a 10 nM ([Figure 7D and E](#f7-1052056){ref-type="fig"}) and 100 nM concentration (*Online Supplementary Figure S7*), with LXB~4~ starting to have a significant effect as early as at 24 hours (h) (at 10 nM but not at 100 nM) and with all SPM significantly rescuing TEER after 72 h (at both concentrations). Of note, no dose-dependency in SPM potency in rescuing TEER was observed, except for 100 nM LXA~4~ that showed a significant impact at 48 h. In view of these results, we next sought to investigate the SPM effect on monocyte transendothelial migration by using this human BBB model. Treatment with LXA~4~, LXB~4~, RvD1 or PD1 significantly inhibited the migration of monocytes across BEC ([Figure 7F](#f7-1052056){ref-type="fig"}) and this action was associated with a significant reduction in the expression of endothelial adhesion molecule ICAM-1 and chemokine CCL2 ([Figure 7G and H](#f7-1052056){ref-type="fig"}), thereby accounting for a potent anti-inflammatory action of the pro-resolving LM in preventing inflammation-induced BBB dysfunction.

![Specialized pro-resolving mediators (SPM) improve blood brain barrier (BBB) function and reduce monocyte transmigration and activation. (A) Representative scatter plots of forward scatter *versus* side scatter from human brain endothelial cells (BEC) and representative overlays histogram plot gated on live cells for GPR18/DRV2, GPR32/DRV1 and ALX/FPR2 surface expression. (B) Quantification of surface expression. Data are means±standard error of mean (SEM) of four independent experiments. (C) SPM receptors mRNA content in resting or TNF-α-activated BEC. Data are means±SEM of three independent experiments. Statistical analysis was carried out using Student *t*-test. \*\*\**P*\<0.001. (D and E) The functional effect of TNF-α (5 ng/mL) in the presence or absence of LXA~4~, LXB~4~, RvD1 or PD1 on BBB function was assessed by measuring the trans-endothelial electrical resistance (TEER) of BEC. Confluent BEC monolayer was treated as described and TEER was measured over time. Data are shown as representative TEER curves of three independent experiments. Graphs showing the TNF-α effect at selected time-points, plotted as % TNF-α effect of control BEC±SEM of three independent experiments. Statistical analysis was carried out using Student *t*-test. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001. (F-H) Confluent BEC were stimulated for 24 hours with TNF-α in the presence or absence of LXA~4~, LXB~4~, RvD1 or PD1. Human monocytes (1x10^5^ cells/well) were left untreated or treated with LXA~4~, LXB~4~, RvD1 or PD1 prior plated on BEC. Cells were incubated for eight hours before harvesting the transmigrated cells. (F) Percentage of monocyte transmigration evaluated by flow cytometry. Data are shown as means±SEM of three independent experiments. \*\*\**P*\<0.001 compared to control cells and \#*P*\<0.001 compared to TNF-α stimulated cells, determined by one-way ANOVA followed by Bonferroni's multiple comparison test. ICAM-1 expression by flow cytometry (G) and CCL2 secretion was measured by ELISA (H). Data are means±SEM of three independent experiments. \*\*\**P*\<0.001 compared to control cells, \^*P*\<0.05 and \#*P*\<0.001 compared to TNF-α stimulated cells, determined by one-way ANOVA followed by Bonferroni's multiple comparison test.](1052056.fig7){#f7-1052056}

Discussion
==========

This study provides an unprecedented comprehensive overview of the LM signature in plasma from MS patients with different clinical forms of the disease compared to healthy controls. Targeted LM metabololipidomics using LC-MS-MS with subsequent analyses revealed that relapsing MS patients display most of the AA-derived prostaglandins (i.e. PGD~2~ and PGE~2~) as well as of DHA-derived SPM like PD1 and RvD1 (and partly PDX), which were all reduced in remitting MS patients. In addition, progressive MS patients not only were characterized by the co-presence of all pro-inflammatory mediators (all of them even in higher levels than relapsing patients) but also on the appearance of some AA-derived or DHA-derived SPM, such as LXA~4~ and LXB~4~, RvD5 and PDX. Of note, the levels of PD1 and RvD1 were significantly reduced or even undetected along disease progression.

In line with the general concepts that bioactive LM undergo temporal and spatial production during inflammation, that SPM appear at the peak of acute inflammation in order to later reduce inflammation by activating endogenous resolution programs,^[@b7-1052056],[@b10-1052056]^ and that chronic inflammation may result from failed resolution mechanisms,^[@b12-1052056],[@b13-1052056]^ our results display that during the acute phase of the disease (relapsing form) there is an imbalance between pro-inflammatory and pro-resolving LM, in favor of the former, and an insufficient or lack of expression of many key SPM (including E-resolvins, maresins and the rest of D-resolvins), which may in turn affect the outcome of remission and thereby, in theory, even lead to disease progression, although further studies are needed to fully clarify this. Indeed, over 80% of individuals with MS initially develop a clinical pattern with periodic relapses that reflect acute inflammation in the CNS and myelin disruption as well as induced activation of innate immune cells and pro-inflammatory mediators in peripheral blood, followed by continuous remissions during which self-remyelination occurs and symptoms decrease or temporarily disappear.^[@b6-1052056],[@b25-1052056]^ Repeated relapses and remissions lead to less and less effective remyelination, appearance of scar-like plaques (scleroses) and thus after 10-20 years, patients might evolve into a progressive form of the disease, characterized by an irreversible disruption of peripheral and central immune tolerance, neurodegeneration, and permanent cortical and subcortical gray matter atrophy.^[@b26-1052056]^ More than a dozen disease-modifying (and mostly anti-inflammatory) agents are available to reduce the frequency of transient episodes of neurological disability and limit the accumulation of CNS lesions, but these systemically applied agents not only are exclusive for RR-MS patients and not for progressive patients, but also result in severe side-effects, and none of these prevents or reverses the neurological deterioration.^[@b27-1052056]^ Therefore, we set out to investigate whether impairments of endogenous processes to resolve inflammation correlate with MS progression to ultimately provide tools to either slow down inflammatory activation and simultaneously promote neuroprotection or prevent disease progression. The primary objective of our study was to identify pro-inflammatory and pro-resolving LM and validate their structures in peripheral blood of MS patients and healthy controls, and secondly, to correlate levels with clinical outcomes. To this aim, targeted metabololipidomics allowed us to reveal the full spectrum of LM in plasma samples of healthy donors and of MS patients with different clinical disease forms. We found that acute MS patients are able to produce only very few SPM (i.e. lipoxins, RvD1 and PD1). This is suggestive of a defective resolution program during MS that could not only result in a partial recovery, but could also eventually increase the probability of evolving into the progressive form, as substantiated by an inverse correlation of such SPM with clinical severity. Our observed presence of high levels of few SPM (LXA~4~, LXB~4~, RvD5 and PDX) in progressive MS, which instead positively correlate with clinical severity, is indicative of a last, but ineffective, attempt of the body to respond to an even higher inflammatory status, where all pro-inflammatory LM are consistently produced in high amounts and are also associated to disease severity. This is particularly relevant for LXA~4~ and LXB~4~ that are metabolically derived from arachidonic acid, and that are the actual initiators of the metabolic switch from the omega-6 pro-inflammatory eicosanoids to the omega-3 SPM. Indeed, MS patients attempt to induce a compensatory boost of these two lipoxins in order to promote the subsequent production of all SPM, which is reflected only in an increased production of RvD5 and PDX (whose potency is much lower than its stereoisomer PD1) and not by an induction of all other SPM. Of note, typical SPM that are usually produced later in the inflammatory process, and that appear also during chronic stages, namely RvD3 and RvD4, are undetected in all MS phases, further suggesting that, although progressive patients endeavor in a last attempt to boost a lipoxin-mediated metabolic switch towards SPM, this is not followed by actual SPM production.

Our findings are in line with the only other study that analyzed a few of such LM in MS, whereby RvD1 and PD1 were induced in highly active MS patients.^[@b28-1052056]^ However, this study, which was performed on cerebrospinal fluid samples, not only analyzed a smaller cohort of patients and did not take into consideration healthy subjects, but was able to detect only one-third of the LM that have been measured here. Furthermore, and most importantly, our metabololipidomics analysis was performed on three clinically distinct MS forms, which included not only MS with active relapse phases, but also patients with clear signs of remission or progression, allowing us to have a complete overview of a vast array of LM and observe how they vary along disease phases and during progression.

The recent evidence that several chronic inflammatory diseases are associated with altered SPM metabolism also supports our findings. Indeed, decreased production of lipoxins and resolvins (especially RvD1) have been linked to the pathogenesis of chronic obstructive pulmonary disease,^[@b29-1052056]^ type-2 diabetes and obesity,^[@b30-1052056],[@b31-1052056]^ inflammatory bowel disease,^[@b32-1052056],[@b33-1052056]^ and rheumatoid arthritis.^[@b34-1052056]^ In addition, an imbalance between pro-inflammatory leukotrienes and pro-resolving SPM was observed in atherosclerosis.^[@b35-1052056]^ Of note, the notion that also neuroinflammatory and neurodegenerative diseases might be linked to a dysfunctional resolution of inflammation has very recently been put forward, and an impaired pro-resolution pathway, involving both specific SPM (i.e. LXA~4~ and RvD1) and their receptors was found in post-mortem brain tissues of patients with Alzheimer disease,^[@b36-1052056],[@b37-1052056]^ where clinical trials with DHA show a reduced peripheral inflammation associated with increases in specific SPM.^[@b38-1052056]^ Accordingly, our observed significant and progressive reduction of DHA during MS, reaching very low levels in progressive patients, once again support a defect in producing its SPM derivatives. In line with this, Holmann *et al*. described deficiencies in polyunsaturated fatty acid (PUFA) and subsequent replacement by non-essential fatty acids in MS.^[@b39-1052056]^ Along these lines, untargeted metabolomics analysis of plasma samples derived from mice with experimental autoimmune encephalomyelitis (EAE), the most commonly used animal model for MS, revealed similar profound alterations in the omega-3 and omega-6 PUFA pathways, with several metabolites of PUFA being significantly lower in EAE mice including RvD1.^[@b40-1052056]^ Importantly, RvD1 supplementation ameliorated clinical signs of EAE, illustrating *in vivo* efficacy of SP during neuro-inflammation.^[@b40-1052056]^ Epidemiological studies suggest that in particular omega-3 PUFA supplementation is linked with improved clinical outcomes in patients with MS.^[@b27-1052056],[@b41-1052056],[@b42-1052056]^ However, although the levels of AA and DHA could be restored by supplementation in MS patients, the efficacy of PUFA supplementation remains to be established.

Next, we further investigated the profile of peripheral blood leukocytes, and our analysis revealed distinctive expressions patterns of SPM biosynthetic enzymes and receptors in each clinical form of MS. Relapsing MS patients showed increased expression of COX-2 and 5- LOX as well as of all five identified receptors (ALX/FPR2, GPR2/DRV1, GPR18/DRV2, ChemR23/ERV and BLT1). Interestingly, 12-LOX, which is responsible for maresins production, was consistently lower in all MS phases compared to healthy donors. Furthermore, the expression of SPM enzymes and receptors decreased along disease progression, with the exception of 15-LOX (that remained constant in all MS phases) and of ALX/FPR2, GPR32/DRV1, and ChemR23/ERV that further increased only during remission, thus suggesting their possible involvement in promoting pro-resolution programs and neuroprotection, but subsequently dropped in progressive MS patients.

It is worth mentioning that the levels of SPM observed in the different disease phases might also be a consequence of a differential utilization and/or degradation, as well as a different expression, of their target receptors. Indeed, progressive patients bear the lowest amount of all SPM target receptors, yet they continue to express high levels of the proinflammatory BLT1 receptor, whose action is only blocked by E-series resolvins that are never to be found in all MS phases.

Although many types of leukocytes are involved in disease progression, activated monocytes are believed to be one of the first to arrive to the brain and initiate inflammation.^[@b43-1052056]^ In MS, the majority of monocytes display a classical inflammatory phenotype and are hyperactive.^[@b44-1052056]^ Here we found that monocytes isolated from RR-MS patients not only displayed a more activated and pro-inflammatory status (since their expression of CD69 and cytokines were, indeed, much higher than monocytes of healthy subjects), but also that specific SPM significantly inhibited such inflammatory responses in both healthy monocytes and those of RR-MS patients. However, the ability of SPM to modulate the inflammatory response of these peripheral cells was more evident in cells of healthy subjects, suggesting that, despite expressing comparable levels of pro-resolving receptors, MS patient-derived monocytes are less susceptible to SPM. These findings confirm and extend earlier reports in which such SPM were shown to reduce the inflammatory profile of human monocytes upon a pro-inflammatory stimulus.^[@b45-1052056]--[@b47-1052056]^ Of note, such SPM-induced effect is of crucial importance in preventing priming and activation of autoreactive T cells (especially Th1 and Th17 cells) and natural killer cells, whose pathogenicity are strictly dependent on monocyte-derived cytokines.

Of note, the onset of MS starts when activated and autoreactive peripheral immune cells cross the BBB and start to damage myelin. In this process, BBB endothelial cells are key regulators of the neuroinflammatory response, inasmuch as when inflamed they lead to BBB disruption, upregulation of several adhesion molecules and production of chemokines, ultimately favoring leukocyte transmigration and subsequent MS lesion development.^[@b48-1052056]^ However, BBB endothelial cells also play an important role during the resolution phase of inflammation *via* the secretion of pro- and anti-inflammatory mediators that co-ordinate both leukocyte traffic and barrier function.^[@b49-1052056]^ In this context, despite the fact that a great number of studies have shown the anti-inflammatory and pro-resolving effect of SPM on various cell types of the immune system, their potential impact on inflamed BBB has never been reported. Our results show for the first time, not only that BBB endothelial cells express several pro-resolving receptors, which are increased upon inflammation, but also that specific SPM (LXA~4~, LXB~4~, RvD1 and PD1) can prevent inflammation-induced BBB dysfunction, and reduce monocyte transmigration, as well as expression of ICAM-1 adhesion molecule and production of CCL2 chemokine. Our results confirm and extend previous findings in which SPM have been shown to positively regulate endothelial barrier functions through different mechanisms of action. Indeed, it has been shown that LXA~4~ and RvD1 were able to protect LPS-induced barrier integrity and function *via* suppression of reactive oxygen species (ROS) production,^[@b50-1052056]^ inhibition of the NF-κB pathway^[@b51-1052056]^ or induction of the antioxidant protein Nrf2.^[@b52-1052056]^ Furthermore, SPM like (AT)-LXA~4~, RvD1, RvD2, and MaR1 were reported to reduce monocyte/macrophage infiltration and chemotaxis both *in vitro* and *in vivo*,^[@b53-1052056],[@b54-1052056]^ with RvD1 also being able to induce a switch to the anti-inflammatory M2 phenotype on monocyte-derived brain macrophages in the murine model of MS.^[@b40-1052056]^ Although several studies report the anti-inflammatory role of different SPM (LXA~4~ in particular) on vascular endothelial cells or monocytes/macrophages, in terms of reduction of ICAM-1 expression^[@b55-1052056],[@b56-1052056]^ and CCL2 production,^[@b57-1052056]^ we are the first to reveal potent SPM effects on the BBB, therefore providing novel tools to counteract inflammation-induced BBB dysfunction.

In conclusion, we provide here a comprehensive profiling of the LM signature in plasma from MS patients with different clinical forms of the disease compared to healthy controls. Importantly, our data indicate that key SPM are lacking at different disease stages, which not only indicates a failed resolution response in these individuals, but may also provide an explanation as to why the disease progresses. It may also hint at novel therapeutic strategies aimed at boosting their endogenous production or at activating their target receptors. At a functional level, we here show that LXA~4~, LXB~4~, RvD1 and PD1 significantly reduce the inflammatory profile of MS-patient-derived monocytes and potently inhibit inflammation-induced BBB dysfunction and monocyte-BBB traversal, which are key pathological hallmarks of MS lesion development. Although further investigations are needed to verify whether SPM impairment is also associated to demyelination and behavior/motor functions in MS patients, this study highlights the potential to use SPM as novel blood biomarkers for MS diagnosis and provides novel tools to ultimately limit MS pathogenesis at several clinical disease stages.
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